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The potential of recombinant human interleukin-12 (IL-12) to enhance the capacity of human monocytes
(MNC) to elicit an oxidative burst and damage hyphae of Aspergillus fumigatus was investigated. Incubation of
peripheral blood mononuclear cells (PBMC) from healthy adults with 10 to 100 ng of IL-12/ml at 37°C for 2
to 3 days enhanced the production of superoxide anion (O, ™) in response to phorbol myristate acetate (PMA)
(P = 0.04) and unopsonized 4. fumigatus hyphae (P = 0.03) and further enhanced hyphal damage (P = 0.009).
Anti-gamma interferon (anti-IFN-y) blocked secretion of IFN-y by IL-12-treated PBMC but did not inhibit
IL-12-induced O, production by these cells in response to PMA. In addition, IL-12-treated elutriated MNC
secreted no IFN-y or tumor necrosis factor alpha but exhibited enhanced O, production compared to controls
(P = 0.013). These findings demonstrate that IL-12 augments oxidative antifungal activities of MNC via an
IFN-vy-independent route, suggesting a novel pathway of IL-12 action in antifungal defense.

Invasive aspergillosis is a serious opportunistic fungal infec-
tion in immunocompromised hosts, including those with AIDS,
patients undergoing antineoplastic chemotherapy, and those
who have undergone organ transplantation (6). Despite recent
advances in antifungal chemotherapy, invasive aspergillosis re-
mains an important cause of morbidity and mortality in these
patients. Aspergillus fumigatus is the most frequent species iso-
lated.

Circulating phagocytes, including monocytes (MNC), pos-
sess a critical role in host defense against Aspergillus spp.,
damaging hyphae of the organism (8, 18). Oxidative mecha-
nisms are predominantly involved in this process. On the other
hand, lymphocytes also respond to Aspergillus spp. by produc-
ing cytokines, such as gamma interferon (IFN-v), upon stim-
ulation by the organism (10). However, the role of T helper
1-related immunoregulatory cytokines in host defense against
A. fumigatus is incompletely understood (4).

Human interleukin-12 (IL-12) is a heterodimeric T helper
1-type cytokine composed of 40- and 35-kDa subunits which
are produced by MNC, B lymphocytes, and other antigen-
presenting cells in response to bacteria, fungi, and intracellular
parasites (11, 21, 23). IL-12 was originally identified as a hu-
man Epstein-Barr virus-transformed B-cell line product (9)
that stimulates T and NK lymphocytes to secrete IFN-y (24).
This pluripotent cytokine has multiple effects on T and NK
lymphocytes as well as other cells of the immune system. These
effects include increased secretion of cytokines, particularly
IFN-y (3, 5); enhancement of cytotoxic activity (20); and in-
creased mitogen-induced cell proliferation (13).

IL-12 has been shown to have beneficial effects in treatment
of murine candidiasis (16, 17). However, these beneficial ef-
fects have been thought to be mediated through its capacity to
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induce secretion of IFN-y by T lymphocytes. We hypothesized
that IL-12 might also mediate a direct effect on MNC in host
defenses against invasive aspergillosis. To our knowledge, no
previous studies have examined whether IL-12 has such an
effect. We therefore investigated whether IL-12 directly regu-
lates human mononuclear phagocytic host defenses against A4.
fumigatus, as evidenced by oxidative bursts (O,  production)
of MNC, upon stimulation with phorbol myristate acetate
(PMA) and unopsonized hyphae of A. fumigatus, as well as by
monocyte-mediated damage of A. fumigatus hyphae.

(This study was presented in part at the 8th European Con-
gress on Chemotherapy, Microbiology, and Infectious Dis-
eases, Lausanne, Switzerland, 25 to 28 May 1997 [15a].)

MATERIALS AND METHODS

Preparation of effector cells. MNC were studied as two preparations.

(i) Mixed PBMC. Mixed peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll centrifugation of buffy coats from anticoagulated venous blood
obtained from healthy adult volunteers at the Transfusion Medicine Department
of Hippokration Hospital, Thessaloniki, Greece, as previously described (15).
They were washed twice with Ca®*- and Mg>"-free Hanks buffered salt solution
(HBSS) and resuspended in complete medium (CM) (RPMI 1640 supplemented
with 10% fetal calf serum [Gibco], 100 U of penicillin/ml, and 100 g of strep-
tomycin/ml). The percentage of MNC was estimated by modified May-Grun-
wald-Giemsa staining. The viability of cells was greater than 95%, and approx-
imately 25 to 45% of them were MNC. The concentration of MNC was adjusted
to 5 X 10° per ml. Generally, these cell populations were approximately 30 to
40% CD14* and nonspecific esterase positive. PBMC were used initially to
detect indirect effects of IL-12 on MNC function through increased production
of lymphokines.

(ii) EHM, >95% CD14" and nonspecific esterase positive. Elutriated human
MNC (EHM) were isolated from blood of healthy adult donors by a two-step
procedure consisting of automated leukapheresis and counterflow centrifugal
elutriation at the Transfusion Medicine Department of Warren Grant Magnuson
Clinical Center, National Institutes of Health, Bethesda, Md. (1). They were
washed and resuspended in CM.

Organism. Strain 4215 of A. fumigatus, isolated from a cancer patient with
invasive pulmonary aspergillosis at the National Institutes of Health, was used in
these studies. This strain was preserved on potato dextrose agar slants frozen at
—70°C. Conidia were harvested by scraping the surfaces of the slants, suspended
in phosphate-buffered saline, (PBS), filtered through sterile gauze, washed with
PBS, and kept in PBS at 4°C as previously described (15). One day before
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performance of the experiments, 1-ml aliquots of a suspension with a density of
10° conidia per ml in yeast nitrogen base supplemented with 2% glucose were
plated in the wells of 24-well plates (Costar). The plates were incubated at 30°C
for 16 h, by which time more than 95% of the conidia had germinated to hyphae
of approximately 150 to 200 wm in length. Plates with unopsonized hyphae were
either used immediately or stored at 4°C for no longer than 1 to 2 h.

Reagents and treatment of effector cells with IL-12. Recombinant human
IL-12 with a specific activity of 5 X 10° U/mg was a kind gift of The Genetics
Institute, Cambridge, Mass. Endotoxin in the preparation was undetected ac-
cording to the manufacturer’s assay. IL-12 was diluted in Ca®*- and Mg>*-free
HBSS to a concentration of 10 pg/ml, and this stock was kept at —35°C. Anti-
IFN-v antibody, a kind gift from Genentech, South San Francisco, Calif., was
supplied at a concentration of 1 mg/ml. Enzyme-linked immunosorbent assay
(ELISA) kits for measurements of the concentrations of IFN-y and tumor
necrosis factor alpha (TNF-«) in the supernatants of monocyte cultures were
purchased from R&D Systems (Minneapolis, Min.).

PBMC or EHM, at a concentration of 2 X 10° per ml, were incubated with
various concentrations of IL-12 in CM in tissue culture flasks at 37°C in air
supplemented with 5% CO, for 2 to 3 days. At the end of the incubation,
supernatants were aspirated and frozen for measurements of TNF-«a and IFN-y
whereas the cells were scraped, off the flasks, washed in Ca®*- and Mg?*-free
HBSS, and then resuspended in the same. The cells were counted by trypan blue
staining and were used for the functional assays as described below.

Superoxide anion production. Production of O, in response to PMA and to
unopsonized hyphae of A. fumigatus was assessed spectrophotometrically by
determining superoxide dismutase-inhibitable reduction of cytochrome ¢ (15).
One million MNC, which had been incubated with CM only or with IL-12-
containing CM in each well of 12-well plates (Costar), were mixed with 50 pM
cytochrome ¢ (Sigma). As a stimulus, PMA at 0.1 pg/ml (Sigma) or unopsonized
hyphae of A. fumigatus at an effector-to-target cell (E/T) ratio of 1:1 were added
to the MNC in 1 ml of HBSS, and the cell suspension was then incubated on a
shaker at 37°C for 15 min. O, production was then assessed as the difference in
absorbance at 550 nm, as measured on a Gilford model 260 spectrophotometer
(Ciba-Corning Diagnostics Corp., Oberlin, Ohio) or a MicroElisa Strip Reader
model 301 photometer (Bio-Tek Instruments, Winooski, Vt.), between test and
control cells. The number of nanomoles of O, produced by 10° MNC in 15 min
was calculated by using an extinction coefficient of 29.5.

Hyphal damage. A colorimetric (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay (12, 15) was employed to study Aspergillus hyphal
damage caused by MNC. Briefly, the supernatants were aspirated and MNC that
had been incubated with or without IL-12 were added to the wells at final E/T
ratios of 5:1 and 20:1 for EHM and 2:1, 20:1, and 40:1 for PBMC. After 2 h at
37°C in an atmosphere containing 5% CO,, supernatants were aspirated, MNC
were lysed by adding 300 pl of 0.5% sodium deoxycholate, and hyphae were
washed three times with sterile water. Subsequently, 1 ml of RPMI 1640 con-
taining 0.5 mg of MTT/ml was added to each well, and the plates were further
incubated at 37°C in an atmosphere with 5% CO, for 3 h. The wells were then
aspirated dry, 200 ul of isopropanol was used to extract the dye from each well,
volumes of 150 pl were transferred into the wells of a 96-well plate, and the color
was measured on a Titertek Multiscan microplate spectrophotometer (Flow
Laboratories, McLean, Va.) at 570 nm, using as a reference the wavelength 690
nm. A well containing only isopropanol was used as a blank. Control wells
containing hyphae and buffer only but not effector cells were included in each
experiment. Antifungal activity (hyphal damage) was calculated with the follow-
ing formula: percentage of hyphal damage = (1 — X/C) X 100, where X is the
optical density of test wells at 2 h and C is the optical density of control wells
containing hyphae only. Each set of conditions was tested in duplicate or qua-
druplicate, and the results were averaged.

ELISA cytokine measurements. Concentrations of IFN-y and TNF-« in cul-
ture supernatants of PBMC and EHM were measured by ELISA (R&D Sys-
tems). Samples were run in duplicate wells, and the results were read in an
automated ELISA reader (Titertek Multiscan microplate spectrophotometer;
Flow Laboratories). ASOFT II 3.67 F for Macintosh and Excel 4.0 software were
used to analyze the data. Control wells containing defined concentrations of
cytokines were used to construct a standard curve for each ELISA plate. The
lower limits of detection were 3 pg/ml for IFN-y and 4.4 pg/ml for TNF-a.

Statistical analysis. Each experiment was performed with the cells of one
donor and by the use of duplicate or quadruplicate wells for each set of condi-
tions; the average value of these replicate wells was taken as the value for this
particular donor and experiment. The averages of the replicate wells of each
experiment were then used in the data analysis to calculate the mean * standard
error of mean (SEM) for all of the experiments performed under the same set of
conditions. The statistical program Instat Statistics 2.03 for Macintosh was used.
Trends of change were evaluated by analysis of variance with Dunnett’s correc-
tion for multiple comparisons. Differences between baseline levels and levels for
individual cytokine concentrations in the supernatants were assessed by Student’s
t test or Mann-Whitney U test when appropriate. A P value of <0.05 indicated
statistical significance. All P values reported are two sided.
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FIG. 1. Effect of incubation of human PBMC (A) or EHM (B) with IL-12 for
2 to 3 days on superoxide anion production by these cells in response to PMA at
0.1 pg/ml. (A) The vertical bars indicate SEMs derived from 20 experiments. *,
the difference in superoxide anion production between the value for PBMC
treated with IL-12 at 100 ng/ml and control value is significant (P = 0.04). (B)
The vertical bars indicate SEMs derived from eight to nine experiments. *, the
difference between the value for EHM treated with IL-12 at 100 ng/ml and the
control value is significant (P = 0.013).

RESULTS

Enhancement of superoxide anion concentration in re-
sponse to PMA. Incubation of PBMC with 100 ng of IL-12/ml
at 37°C for 2 to 3 days enhanced O, production in response
to PMA from a mean * SEM of 1.25 *+ (.16 (control value) to
2.16 = 0.27 nmol/10° MNC/15 min (P = 0.04) (Fig. 1A).
Similarly, IL-12 at 100 ng/ml enhanced O, production by
EHM in response to PMA (P = 0.013) (Fig. 1B). A concen-
tration of 500 ng/ml did not further enhance O,  production
by EHM (data not shown).

Enhancement of antifungal activities against A. fumigatus.
Incubation of PBMC with IL-12 at 10 ng/ml significantly en-
hanced O, production in response to A. fumigatus hyphae
(P = 0.03) (Fig. 2A). Figure 2B demonstrates that at a low E/T
ratio (2:1), IL-12 at concentrations of 10 and 100 ng/ml signif-
icantly enhanced hyphal damage caused by PBMC. At a high
E/T ratio, neither a 10- nor a 100-ng/ml concentration showed
a significant enhancement; however, PBMC incubated with
IL-12 at 10 ng/ml exhibited a trend toward enhanced damage
of unopsonized hyphae, from 22.9% =+ 7.8% (for controls) to
43.1% * 5.7% (P = 0.063). In addition, incubation of EHM
with IL-12 at 100 and 500 ng/ml somewhat increased hyphal
damage at an E/T ratio of 5:1 (from 7.7% = 8.8% to 11.1% =
8.5% and 12.0% =+ 9.3%, respectively), but these differences
also were not significant.

Secretion of IFN-y and TNF-a and effects of anti-IFN-y.
Concentrations of IFN-y measured in the supernatants of IL-
12-treated PBMC were higher than those in supernatants of
untreated control PBMC, confirming the findings of previous
studies (3, 5, 24) (Table 1). However, the enhanced O, pro-
duction by IL-12-treated PBMC was not directly related to this
increased IFN-y production. Anti-IFN-y blocked IFN-vy se-
creted into the medium by IL-12-treated PBMC but did not
inhibit the IL-12-induced increase in O,  production by
PBMC in response to PMA. Moreover, while no IFN-y was
secreted by IL-12-treated EHM, O, production by EHM was
significantly enhanced after incubation with IL-12. On the
other hand, secretion of TNF-a was increased by IL-12 treat-
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FIG. 2. Effect of incubation of PBMC with IL-12 at 1 to 100 ng/ml for 2 to 3 days on superoxide anion production in response to unopsonized hyphae of 4. fumigatus
(A) and on the percentage of A. fumigatus hyphae damaged by human PBMC (B), as measured by the MTT assay, at E/T ratios of 2:1 (closed columns) and 40:1
(hatched columns). (A) The vertical bars indicate SEMs derived from five experiments. *, the difference in superoxide anion production by PBMC treated with 10 ng/ml
IL-12 and the control (0 ng/ml) is significant (P = 0.031). (B) The vertical bars indicate SEMs derived from six experiments. { and §, the differences from control PBMC
(0 ng/ml) were significant (P < 0.05 and P < 0.01, respectively); ¥, the corresponding concentration was slightly different from that of control PBMC (P = 0.063).

ment of PBMC but not of EHM, suggesting that secretion of
TNF-« is also not required for enhancement of O, produc-
tion by EHM (Table 1).

DISCUSSION

In this study, we demonstrated that IL-12 augments oxida-
tive antifungal activities of MNC as evidenced by oxidative
bursts and damage to A. fumigatus hyphae. The augmentation
of oxidative bursts appears to occur via an IFN-y-independent
mechanism of activation.

These findings, to our knowledge, are novel, with no previ-

TABLE 1. Superoxide production in response to PMA and
concentrations of IFN-y and TNF-a in the supernatants of PBMC
and EHM cultured with medium only (controls), IL-12 of 100 ng/ml,
anti-IFN-y, or both IL-12 at 100 ng/ml and anti-IFN-vy for 2 to 3 days

Mean concn = SEM for:

Cells and culture 0,

supplement(s) IFN-y TNF-a 1/10°
(pg/ml) (pg/ml) Mglg(l)s/ min)
PBMC
None (control) 83 + 42 71 £ 26 13202
1L-12 1,000 = 172* 167 £ 23} 22 +0.38
Anti-IFN-y 16 =13 89 £32 1402
IL-12 + anti-IFN-y 11+5 134 = 62% 21031
EHM
None (control) 5+1 6+1 3.6 0.7
1L-12 3x0 4=*0 6.2 = 1.1%*

“The values for IFN-y and TNF-a concentrations are means * SEMs of
duplicate readings of four supernatants. The values for O, production by
PBMC and EHM are means + SEMs derived from 20 or 21 and 8 or 9 exper-
iments, respectively. *, P = 0.03 in comparison to the value for control PBMC;
F, P = 0.045 in comparison to the value for control PBMC; §, P = 0.04 in
comparison to the value for control PBMC; % P = 0.55 in comparison to the value
for anti-IFN-y-treated PBMC; 1, P = 0.03 in comparison to the value for
anti-IFN-y-treated PBMC; **, P = 0.013 in comparison to the value for control
EHM.

ous study having reported the direct effects of IL-12 on oxida-
tive bursts and antifungal activity of MNC. These effects of
IL-12 on MNC may depend in part on the marker of activation
(superoxide anion) and the organism (A. fumigatus). A previ-
ous study did not show a change in nitric oxide production by
murine macrophages when these cells were treated with IL-12
(22). In addition, IL-12 treatment of human MNC-derived
macrophages did not result in augmented inhibition of growth
of Mycobacterium avium (2).

IL-12 exerts its known effects on T and NK lymphocytes
through binding to specific IL-12 receptors (19). Although
receptors for IL-12 on the surface of MNC have not been
reported (7, 19), this augmentation of oxidative bursts and
antifungal activity appears to occur as a direct effect of 1L-12
on MNC. Whether this effect is mediated through an IL-12
receptor or another cytokine receptor remains to be eluci-
dated. We have previously shown that TNF-a enhances both
O, production and hyphal damage (14). However, only neg-
ligible amounts of TNF-a were secreted following IL-12 treat-
ment of MNC.

The above-described findings suggest a new mechanism by
which IL-12 exerts its beneficial effects on the host response to
Aspergillus spp. and may have important implications with re-
gard to our further understanding of immunoregulation of host
defenses by this cytokine. An IFN-y-independent pathway ap-
pears to underlie the upregulatory impact of IL-12 on antifun-
gal phagocytic defenses against A. fumigatus and needs to be
elucidated at the molecular level.
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